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YwbNEfﬁcient uptake of iron is of critical importance for growth and viability of microbial cells. Nevertheless, several
mechanisms for iron uptake are not yet clearly deﬁned. Here we report that the widely conserved transporter
EfeUOB employs an unprecedented dual-mode mechanism for acquisition of ferrous (Fe[II]) and ferric (Fe[III])
iron in the bacterium Bacillus subtilis. We show that the binding protein EfeO and the permease EfeU form a min-
imal complex for ferric iron uptake. The third component EfeB is a hemoprotein that oxidizes ferrous iron to ferric
iron for uptake by EfeUO. Accordingly, EfeB promotes growth under microaerobic conditions where ferrous iron
is more abundant. Notably, EfeB also fulﬁlls a vital role in cell envelope stress protection by eliminating reactive
oxygen species that accumulate in the presence of ferrous iron. In conclusion, the EfeUOB system contributes to
the high-afﬁnity uptake of iron that is available in two different oxidation states.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Microbes have developed a broad set of uptake systems for iron to
meet the requirements for its efﬁcient assimilation under varying envi-
ronmental conditions. The acquisition of low-soluble ferric iron (Fe[III])
generally requires speciﬁc mobilization strategies combined with high-
afﬁnity transport, which is usually accomplished by siderophore-
dependent transport systems [1–3]. On the other hand, uptake of soluble
ferrous iron (Fe[II]) is facilitated by both high-afﬁnity and low-afﬁnity
transport systems, which are present in both bacteria and fungi [4,5].
Fungi acquire ferrous iron either from environmental processes, such as
dissimilatory ferric iron reduction [6], or from the reduction of ferric
siderophore complexes by plasma membrane ﬂavocytochrome-type re-
ductases [7]. Extracellularly released ferrous iron is subsequently taken
up by a high-afﬁnity transporter [8]. This bipartite transporter consists
of the multicopper ferroxidase Fet3p associated with the membrane
permease Ftr1p, which translocates generated ferric iron into the cytosol.
Fet3p binds one single copper atom and a trinuclear copper cluster thattry and Biochemistry, University
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rights reserved.act as catalytic redox centers during ferrous iron oxidation [9,10]. The sys-
tem has an overall KM for iron uptake of 2 × 10−7 M [5], and detailed
binding site studies of Fet3p revealed that ferrous iron oxidation by the
copper cofactor is favored due to a preferred binding of the ferric iron
species at the active site [9].
Many bacteria possess ferrous iron transporters with functional sim-
ilarities to the Fet3p–Ftr1p system [11,12]. Escherichia coli encodes an
EfeUOB transporter, which is fully induced only under both low iron
and low pH conditions [13]. The EfeU component is a homolog of Ftr1p
and possesses conserved RExxE motifs, which were suggested to be in-
volved in ferrous iron transport [11]. However, later studies proposed
that Fe(III) is taken up by EfeU upon Fe(II) oxidation by an oxidoreduc-
tase mechanism that possibly involves the periplasmic components
EfeO and EfeB [13,14]. E. coli EfeO possesses an N-terminal cupredoxin-
type domain (Cup domain) and two distinct iron binding sites,
suggesting that this protein might be involved in ferrous iron oxidation
[14]. It was further suggested that ferric iron could subsequently be
transferred to the EfeU permease, and that the oxidized state of the
Cup domain could be regenerated by electron transfer to the third com-
ponent, the EfeBprotein. EfeB is aDyP-type peroxidase,which is secreted
by the twin-arginine translocation (Tat) pathway [15,16]. Basic peroxi-
dase activities of EfeB and its Staphylococcus aureus homolog FepB were
shown by using catecholic electron donors, but redox activities with
other substrates were not reported [16,17]. Further studies suggested
a peroxidase-independent deferrochelatase activity of E. coli EfeB
and S. aureus FepB [15,17,18]. Altogether, it is currently not clear
whether the E. coli EfeUOB system represents a pathway for iron
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physical interactions between the EfeUOB components have not
been shown so far.
The Gram-positive soil bacterium Bacillus subtilis encodes proteins
that are similar, but not identical to the E. coli EfeUOB transporter
components [12,19]. The efeUOB genes are primarily Fur-regulated
and co-transcribed under most conditions tested [20]. However, the
efeB (ywbN) gene has an additional promoter controlled by cell envelope
stress σ factors (Fig. 1A), indicating that additional EfeB is synthesized
under stressful conditions [21,22]. EfeB is also a Tat substrate in B. subtilis
[23,24]. Notably, the individual components of the B. subtilis EfeUOB
system were so far not characterized in any detail, leaving questions
on their functional relationships in iron transport unanswered.
In the present study, we demonstrate that the B. subtilis EfeUOB
transport system is organized as a membrane-associated tripartite in-
teraction complex with a structural and functional arrangement that
permits the high-afﬁnity acquisition of both Fe(II) and Fe(III) redox spe-
cies, depending on the extracellular conditions for iron and oxidant sup-
ply. The ferrous iron peroxidase EfeB and the ferric iron binding protein
EfeO are in physical contactwith the central permease component EfeU,
and act in succession during Fe(II) oxidation and Fe(III) delivery. How-
ever, these components are independent from each other during Fe(III)
uptake,which ismediated by theminimal transporter unit EfeUO. The ac-
tivity of EfeB is shown to be crucial during microaerobic growth, under
which high-afﬁnity acquisition of ferrous iron is enhanced especially in
soil habitats due to the partial shift of the redox equilibrium. Altogether,
we show that the EfeUOB complex of B. subtilis employs a mechanism
for iron uptake that is different from previously characterized free iron
importers.Fig. 1. The B. subtilis EfeB transport component is a hemoprotein. (A) The B. subtilis efeUOB
control of several σ factors that are associated with the cell envelope stress response. The
analysis of the mature hemoprotein EfeB in different redox states. Shown are spectra afte
with sodium dithionite (dashed line) resulting in a Soret band shift to 430 nm, and after o
gave additional absorption features at 540 nm and 578 nm. The inset shows an SDS-PAGE2. Experimental procedures
2.1. Bacterial strains, plasmids and growth conditions
Strains, plasmids and DNA primers used in this study are listed in the
Supplementary Material, Tables S1 and S2. DNA isolations and in vitro
manipulations were done according to described procedures [25]. Bacte-
rial strainswere grown in Lysogeny Broth (LB;without added glucose) or
in Belitsky minimal medium [26], with deﬁned iron salt concentrations.
When required, growth media for E. coliwere supplemented with ampi-
cillin (Amp, 100 μg ml−1), and media for B. subtilis were supplemented
with erythromycin (Em, 2 μg ml−1), kanamycin (Km, 20 μg ml−1),
chloramphenicol (Cm, 5 μg ml−1) or phleomycin (Phleo, 5 μg ml−1).2.2. Analyses under anaerobic and microaerobic conditions
Analyses under controlled oxygen conditions were conducted in
an air-tight chamber under deﬁned gas atmosphere (Coy Laborato-
ry Products Inc., Michigan). For reducing anaerobic conditions, an
atmosphere of 5% H2 in N2 was used. For microaerobic assays, levels
of desired dissolved oxygen concentrations (~10 ppm for fully aerobic
and ~1.0 ppm for microaerobic conditions) were adjusted in solutions
or culture medium by controlled oxygen supply and constant monitor-
ing of dissolved oxygen levels with an air-calibrated oxygen sensor
(Lutron Electronic Enterprise Co., Taiwan). Reducing microaerobic con-
ditions were used in the case of enzymatic assays, and non-reducing
microaerobic conditions (by omitting hydrogen gas) for cellular growth
studies.operon is regulated by a Fur-dependent σA promoter. The efeB gene is under additional
co-regulated ywbO gene encodes a putative cytosolic ferric iron reductase. (B) UV–vis
r aerobic puriﬁcation (solid line) with a sharp Soret band at 406 nm, after reduction
xidation with hydrogen peroxide (dotted line), which shifted the band to 415 nm and
of the puriﬁed EfeB protein (~42 kDa).
2269M. Miethke et al. / Biochimica et Biophysica Acta 1833 (2013) 2267–22782.3. Protein expression
For production of EfeO-Strep-tag II, E. coli BL21 cells containing ex-
pression vector pMMefeO were cultured in LB medium and induced
with 0.2 mg/l anhydrotetracycline. For production of EfeB-Strep-tag II,
the B. subtilis 168 strain carrying vector pNZefeB-StrepII was cultured
in LBmedium and induced by addition of subtilin [27]. Strep-tagged pro-
teins were puriﬁed after cell disruption in 100 mM Tris–HCl, pH 8.0,
150 mMNaCl by Strep-Tactin chromatography (IBA) using an FPLC puri-
ﬁer system (Pharmacia). The recombinant proteins were eluted with
2.5 mM D-desthiobiotin, following dialysis against the desired buffer
system. Protein fractions were analyzed by SDS-PAGE, and protein con-
centrationswere determinedbyBradford assays [28] using aBSA calibra-
tion curve.
2.4. Fluorescence titrations
Puriﬁed recombinant protein solutions in 20 mM Tris–HCl, pH 7.5,
were adjusted to the desired concentration and incubated at 20 °C. The
stock solutions of ferric siderophores, protoporphyrin IX, and hematin
were all freshly prepared before theywere added to the protein solutions.
The metal ion salts were solubilized immediately before the titration
experiment to exclude speciation problems. No precipitation of stock
solutions was observed during the time course of the titrations, and the
effective concentrations of the dissolved metal ions were conﬁrmed by
ICP-MS analysis (see Table S3). Anaerobic titrations under H2/N2 atmo-
sphere were carried out with ferrous iron salt to preserve its oxidation
state. Tyrosine/tryptophan ﬂuorescence was measured after excitation
at 280 nm (slit width 5 nm) at 340 nm (slit width 5 nm) using a FP-
6500 spectroﬂuorimeter (Jasco). Calculation of dissociation constants
was done by data ﬁtting according to the Law of Mass Action [29].
2.5. Immunoblot analyses
B. subtilis 168 wild-type and efeU, efeO, or efeB mutants were
grown at 37 °C in LB medium in the presence of 0.5 mM IPTG (to in-
duce Pspac-dependent genes) until an OD600 of 0.6. The cultures were
treated with 100 μM 2,2′-dipyridyl to induce iron starvation for
maximum EfeB production, and were grown for additional 30 min.
Cells were harvested and further processed to extract cell wall,
membrane and cytosolic fractions according to published protocols
[30]. The supernatant fractions were collected and subjected to pre-
cipitation with 50% [w/v] TCA. Proteins were subsequently separated
by SDS-PAGE and blotted onto a nitrocellulose membrane. Speciﬁc
polyclonal antibodies raised in rabbits were used to detect EfeB,
FeuA and SunI. All immunoblot analyses were performed at least
three times.
2.6. Kinetic analyses
EfeB peroxidase assays were performed under H2/N2 atmosphere
purged with 5% oxygen (1 ppm DO) at 30 °C, and control reactions
were performed under the same conditions without EfeB or without
peroxide. Ferrous iron was always used as a free substrate from a
stock that was freshly prepared under strictly anaerobic conditions
(dissolved [O2] b 0.01 ppm). After reaction quenching in 50% (v/v)
methanol, conversion of ferrous iron was analyzed by the addition of
0.15% [w/v] Ferene, and the formed Fe(II)–Ferene complex was quanti-
ﬁed by UV–vis spectroscopy at 593 nm by using a standard calibration
curve. After determining the linear range of iron-dependent conversion,
concentration-dependent steady-state reactions were carried out. Data
were corrected from non-enzymatic background conversion of ferrous
iron and analyzed according to the Michaelis–Menten model. Peroxide-
dependent kinetics was analyzed by following compound I formation
upon reaction quenching via shock-freezing in liquid nitrogen. Subse-
quently, the amplitudes of the background-corrected g = 2.00 signalswere quantiﬁed by EPR spectroscopy as described previously [31,32],
andwere used for kineticMichaelis–Menten analysis. The hydrogen per-
oxide concentrations present undermicroaerobic conditions in the assay
buffer as well as in bacterial culture supernatants were quantiﬁed by
horseradish peroxidase assays with guaiacol as a chromogenic substrate,
whose conversion to tetraguaiacol was followed spectrophotometrically
at 470 nm. The concentrations of peroxide were subsequently deter-
mined by using a concentration-dependent standard calibration curve.
2.7. EPR analyses
EPR spectra of EfeB aswell as iron controlswere recorded at 3 K tem-
perature with 9.24 GHzmodulation frequency, 5 mTmodulation ampli-
tude, 0.5 mW microwave power, and 100 kHz modulation frequency
using a Bruker EPR spectrometer. All samples were prepared under
microaerobic atmosphere in 100 mM Tris–HCl, pH 7.0, and were
shock-frozen upon the indicated time of incubation. Background-
corrected spectra were analyzed with Bruker WinEPR Software vers.
2.11 including determination of g-values of the observed relevant
spectral features.
2.8. Crosslinking studies
Cell cultures of B. subtilis 168 strains expressing an EfeB-Strep-tag II
variant were grown inminimalmedium under iron limitation to induce
iron-dependent transport components. Production of EfeB-Strep-tag II
was induced at mid-logarithmic growth phase (OD600 at 0.5) and
continued for 1.5 h. Then, formaldehyde (1:10 from a 6% [w/v] parafor-
maldehyde stock) was added and cultures were incubated for 30 min.
Cells were harvested (3500 ×g at 4 °C), washed twice and ﬁnally
resuspended in buffer containing 50 mM Tris, pH 8.0, 100 mM NaCl.
Cells were disrupted by sonication, and cell wall fragments were
removed from the crude extract by centrifugation at 20,000 ×g for
20 min at 4 °C. To solubilize proteins in the membrane fractions,
n-dodecyl-β-D-maltopyranoside (DDM; 0.5% [w/v] ﬁnal conc.) was
added and samples were incubated for 30 min at 4 °C. The ﬁltered pro-
tein extracts were then applied to Strep-Tactin chromatography at a
ﬂow rate of 0.5 ml/min. Chromatographic fractions were collected and
applied to SDS-PAGE analysis together with a concentrated sample of
the pooled elution fractions, which was also heated at 95 °C in protein
loading buffer (containing 2% [w/v] SDS, 5% [v/v] β-mercaptoethanol,
50 mM dithiothreitol). Observed protein bands in the lane of heat-
treated samples were cut from the gels and subjected to mass spectro-
metric analyses for protein identiﬁcation.
2.9. Radioactive transport assays
Cells were grown in Belitsky minimal medium without citrate
(buffered to pH 7.5) under iron limitation in the presence of
0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) to avoid polar
effects in the disruption mutants [33] to an OD600 of 0.8 (late expo-
nential phase). Cells were harvested, washed twice with iron-free
Belitsky medium, and resuspended in microaerobic Belitsky medium
(~1 ppm DO) to a viable cell titer of 2 × 108. Cells were pre-incubated
at 25 °C for 5 min before the transport assays were started by addition
of ﬁnal concentrations of either 10 μM (~20 μCi) 55FeCl3 or 10 μM
(~20 μCi) 55FeCl2, which was obtained by the pre-reduction of 55FeCl3
in the presence of 25 mM ascorbate from a fresh stock. Aliquots were
taken from the labeled cultures at various time points and applied
onto ﬁlter paper discs that were precipitated in 10% [w/v] ice-cold tri-
chloroacetic acid (TCA). After two washing steps with 5% [w/v] TCA
and one with 96% ethanol, the remaining amount of radioactivity was
measured by liquid scintillation counting. A calibration curve of varying
55FeCl3 concentrations obtained was used to calculate the incorporated
mole equivalents of labeled iron per cell number. The averaged data
from concentration-dependent uptake were ﬁtted according to the
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dent experiments, and data were plotted with their standard deviations.
2.10. Growth studies
Precultures of B. subtilis 168 strains were grown in iron-limited
Belitsky minimal medium without citrate containing 0.5 mM IPTG.
Iron-depleted pre-cultures were diluted in fresh minimal medium
to an OD600 of 0.005. Growth was continued either under aerobic
or microaerobic conditions at 37 °C and 350 rpm in microtiter plates
(in volumes of 200 μl) with three parallels of each strain. Final OD600
values from three parallels for each condition were determined after
12 h by using a microtiter plate reader (Inﬁnite M200, Tecan), and data
were averaged and plotted with their standard deviations. Aerobic cul-
tures (~10 ppmDO)were incubated either without or with the addition
of FeCl3 from a freshly prepared stock. Microaerobic cultures (~1 ppm
DO) were incubated under N2/O2 atmosphere without or with FeCl3 or
FeSO4 from an anaerobically prepared stock. For the determination of
half-maximal inhibitory concentrations (IC50 values) in the presence
of H2O2, growth data without addition of H2O2 (ODcontrol) were
used for normalization of the growth data from H2O2-treated cul-
tures (ODinhibition). Normalized data were plotted and analyzed
according to the logistic dose–response model by using the sigmoi-
dal equation
ODinhibition
ODcontrol
¼ Amax−Aminð Þ
1þ I½ totIC50
 p þ Amin;
in which Amax and Amin are the asymptotic maxima and minima of
the regression curve, [I]tot is the total inhibitor concentration, and p
is the logarithmic slope.
3. Results
3.1. B. subtilis EfeB is a hemoprotein
The B. subtilis efeUOB (ywbLMN) operon encodes proteins which are
associated with cellular iron homeostasis and, in the case of efeB, also
with the cell envelope stress response (Fig. 1A). The detailed functions
of these proteins have not been analyzed yet. Since previous studies
showed that the EfeB protein is a substrate of the Tat secretion system
[23,24], we hypothesized that a cofactor could be bound to the protein.
Indeed, the 42 kDa mature EfeB-Strep-tag II variant isolated from an
overproducing B. subtilis strain showed absorption features that are typi-
cal for hemoproteins (Fig. 1B). The sharp Soret band at 406 nmwas char-
acteristic for the aerobically puriﬁed protein. Upon reduction with
dithionite the Soret band shifted to 430 nm, which indicated that the
major proportion of the heme cofactor was present in the ferric form.
This is a typical feature of heme peroxidases in their resting state
[34]. Treatment with hydrogen peroxide led to a Soret band shift to
415 nm as well as to the sharpening of absorption bands between
500 and 600 nm, which indicated the formation of a compound I rad-
ical species [35]. The chemical nature of the non-covalently associat-
ed heme species was identiﬁed as a protoheme IX (Fig. S1). Gel
ﬁltration of holo-EfeB under both aerobic and anaerobic conditions re-
vealed a predominantlymonomeric protein peak, indicating the absence
of EfeB oligomers (Fig. S2).
3.2. The EfeB peroxidase uses ferrous iron as an electron donor substrate
and its activity is enhanced by EfeO
According to its putative role as an iron-dependent peroxidase,
holo-EfeB was tested for its capacity to bind and to react with solubilized
ferrous iron. Anaerobic ﬂuorescence titration of 5 μM EfeB with FeCl2
revealed a speciﬁc binding of Fe(II) with a dissociation constant (KD) of5.20 ± 0.51 μM (Fig. 2A). The titration resulted in a quenching curve
with a relative molar ﬂuorescence coefﬁcient of the protein–metal com-
plex (fPL) of 61.6 ± 0.79% μM−1, and the obtained titration equivalence
point indicated the formation of a complex at a 1:1 mole ratio.
Since the spontaneous oxidation rate of Fe(II) under aerobic condi-
tions was too high to follow the enzymatic conversion (Fig. S3A), the
peroxidase reaction was examined under oxygen-limited conditions.
A reducing H2/N2 atmosphere was purged with 5% oxygen, and the
equilibrium dissolved oxygen concentration (DO) in the assay buffer
was adjusted to ~1.0 ppm (~30 μM). The level of hydrogen peroxide
in the assay solution had an equilibrium concentration of ~2.5 μM.
Under these conditions, the background conversion rate of ferrous iron
was 0.2 nmol min−1, and a background-corrected net turnover rate of
1.6 nmol min−1 was found in the presence of EfeB (Fig. S3B). Very low
oxidation rates were observed without any addition of peroxide in both
enzyme-containing and enzyme-free samples (0.02 nmol min−1 and
0.01 nmol min−1, respectively) indicating the strict dependence of this
reaction on peroxide. The kinetic analysis of ferrous iron conversion
by EfeB revealed a KM(obs) of 210 μM and a kcat(obs) of 0.25 s−1 (Fig. 2B,
Table S4). To investigatewhether the actual catalytic rates are dependent
on further components of the EfeUOB system, the extracytosolic lipopro-
tein EfeO was recombinantly produced as a soluble protein and added to
the peroxidase reaction. In the presence of increasing concentrations of
EfeO, the observed catalytic efﬁciencies for ferrous iron conversion to fer-
ric iron increased up to ~5-fold (Fig. 2B, Table S4). Since a direct physical
interaction between EfeB and EfeOwas not observed both under low and
higher salt conditions (Fig. S2), the increased turnover ratewas explained
by a possible equilibriumdisplacement due to a selective product seques-
tration. This hypothesiswas supportedduring further characterizations of
EfeO (see below).
The peroxide-dependent reaction of EfeBwas analyzed by addition of
H2O2 to an anaerobic reaction mixture in the presence of FeCl2 (Fig. 2C,
Table S4). In this case, a very low KM(obs) for hydrogen peroxide was
determined at 0.28 μM. The catalytic efﬁciency determined for the
peroxide-dependent reaction was ~900-fold higher than the ferrous
iron-dependent reaction. This suggests that the reaction stages II and III
involving the conversion of Fe(II) to Fe(III) are rate-limiting in the perox-
idase cycle, rather than the initial stage I involving oxidation of the heme
center in EfeB by trace levels of hydrogen peroxide.3.3. Electron Paramagnetic Resonance (EPR) reveals a large symmetry
shift at the heme center of EfeB in the presence of ferrous iron and ferryl
radical formation during reaction with hydrogen peroxide
Substrate interactions and conversions at the heme center of EfeB
were further analyzed by EPR under the established peroxidase reaction
conditions. The spectrum of EfeB in the ferri-heme state showed mixed
high-spin and low-spin signals at gx = 6.14, gy = 5.71, gz = 2.00, and
gx = 2.93, gy = 2.24, gz = 1.52, respectively (Fig. 2D). The slight rhom-
bic distortion of the high-spin compound with weak resolution of the gx
and gy signals pointed to a predominantly axial heme symmetry in the
resting state. Addition of ferrous iron led to an immediate increase and
sharpening of the high-spin signals, resulting in a high-spin spectrum
with a much more pronounced rhombic distortion and well-resolved
gx and gy signals at 6.17 and 5.47, respectively. The rhombic distortion in-
dicates a signiﬁcant local heme symmetry change by formation of a reac-
tive penta-coordinated high-spin ferri-heme species, which seems to be
induced by binding of the ferrous iron substrate to its ligand site. In con-
trast, the nearly axial spectrum in the absence of Fe(II) indicates an occu-
pation of the sixth iron coordination site in the heme scaffold, possibly
with an internalweakﬁeld ligand,which points to a rather low reactivity
of this species. The strong intensiﬁcation of the g = 2.00 signal in the
presence of Fe(II) further indicated a radical development due to com-
pound I formation. The development of compound I and hence catalytic
activity was further detected by the appearance of a small rhombic
Fig. 2. Binding and peroxide-dependent conversion of ferrous iron to ferric iron by EfeB. (A) Fluorescence titration of 5 μM EfeB with FeCl2 under anaerobic conditions showing protein
residue ﬂuorescence emission at 340 nm upon excitation at 280 nm. Initial ﬂuorescence intensities were normalized to 100%, and data were analyzed by ﬁtting according to the law of
mass action. A dissociation constant of 5.20 ± 0.51 μMwas determined for the Fe(II)–EfeB complex together with a titration equivalence point at 4.88 ± 0.02 μM, indicating amole ratio
of 1:1 in the iron–protein complex. (B) Enzyme kinetics determined in the presence of 1 ppm dissolved oxygen and 2.5 μM H2O2 equilibrium concentration. Holo-EfeB (1 μM) was
equilibrated in 10 mM Tris–HCl, pH 7.0, 25 mM NaCl at 30 °C, before FeCl2 was added. Conversion of Fe(II) into Fe(III) was analyzed after reaction quenching by Fe(II)–Ferene complex
detection, and data were ﬁtted byMichaelis–Menten analysis. Reactionswere carried out either in the absence (squares) or in the presence of 50 μM(circles) or 250 μM(triangles) of the
binding protein EfeO. (C) The H2O2-dependent reaction of EfeB was analyzed under anaerobic conditions in the presence of 1 mM FeCl2. Compound I formation was analyzed by quan-
tiﬁcation of the EPR signal amplitude at g = 2.00, and obtained data were analyzed by the Michaelis–Menten model. All kinetic experiments were carried out three times, and mean
values are given with their standard deviations. (D) EPR spectra of samples under microaerobic atmosphere (1 ppm DO) in 100 mM Tris–HCl, pH 7.0, containing 2.5 μMH2O2. Samples
were incubated for 1 min at 25 °C before shock-freezing and EPR analysis. All relevant g-values of the observed spectral features are indicated. (i), 100 μMEfeB; (ii), 100 μMEfeB + 20 μM
FeCl2; (iii), 100 μM EfeB + additional 100 μM H2O2; (iv), control with 20 μM FeCl2; (v), control with 20 μM FeCl3.
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release of the (probably fully hydrated) ferric iron product species.
Notably, oxidation of EfeB by H2O2 at a stoichiometric level led to a
strong decrease of the ferri-heme species and a strong increase ofthe expected compound I radical at g = 2.00. A sharp increase of
non-heme rhombic iron (g = 4.30) further indicated a partial release
of iron from the heme scaffold. Indeed, further UV–vis spectroscopy
and mass spectrometric analysis showed a release of protoheme IX
2272 M. Miethke et al. / Biochimica et Biophysica Acta 1833 (2013) 2267–2278as well as its iron-free oxidation product biliverdin under increasing
concentrations of peroxide (Fig. S4). Thus, EfeB seems to undergo a
partial heme release and decomposition by a yet undeﬁned suicide
reaction especially at very high oxidant levels, which has been ob-
served for a number of peroxidases including horseradish peroxidase
[36,37] or the E. coli peroxidase YfeX [38].3.4. EfeO binds ferric iron with strong selectivity
The EfeO lipoprotein shares sequence similarities with imelysin-like
proteins, a superfamily of bacterial proteins which are supposed to be
involved in iron uptake (our unpublished observations and [39,40]).
Furthermore, EfeO shares moderate similarities with representatives
from the class of extracellular substrate binding proteins, such as of
B. subtilis FeuA, YclQ, EfeO, E. coli FepB, Campylobacter jejuni CeuE, and
Vibrio cholerae VctP and ViuP (our unpublished observations and
[41,42]). Therefore, the protein was produced heterologously as a
Strep-tag II variant and was used for ﬂuorescence titration studies
in order to determine the nature and afﬁnity of possible binding li-
gand(s). Since B. subtilis is known to take up various iron-charged
siderophores by a set of binding proteins that are induced under
iron starvation [12,43,44], the binding of ferric siderophores from
different structural classes toward EfeOwas tested, but no signiﬁcant
afﬁnities were found (Fig. S5A). Additional control titrations with
iron-containing and iron-free porphyrin derivatives did not show
speciﬁc interactions with EfeO (Fig. S5B), excluding the possibility
that EfeO might be involved in heme scavenging or transfer which
had been suggested for the process of iron uptake by the E. coli EfeUOB
system [18]. However, during titration of 1 μM EfeO with several
dissolved metal ion species, a signiﬁcant binding was found in the
case of ferric iron with a KD of 0.58 ± 0.11 μM. The titration yielded a
pronounced quenching curve with an fPL of 67.7 ± 1.1% μM−1 and a
distinct titration equivalence point at 1.004 ± 0.01 μM indicating a
1:1 mole ratio of the formed Fe(III)–EfeO complex (Fig. 3). Possible in-
terferences due to Fe(III) hydrolysis or precipitation could be excluded
based on the observed speciﬁc binding parameters.Fig. 3. Fluorescence titrations with the binding protein EfeO. EfeO was recombinantly prod
EfeO was used for titration experiments with various transition metal species. Fluorescence
to 100%. Signiﬁcant ﬂuorescence quenching was observed during titration of Fe(III), giving a
The titration equivalence point at 1.004 ± 0.01 μM indicates an iron–protein complex ratioEfeO-dependent protein–metal interactionswere further investigat-
ed by inductively-coupled plasma mass spectrometry (ICP-MS). This
was not only done to conﬁrm the speciﬁc ferric iron binding, but also
to address the structural differences between B. subtilis EfeO and its ho-
mologs in Gram-negative bacteria, which have been reported to contain
copper-binding Cup domains [14]. Since B. subtilis EfeO lacks such a Cup
domain, the intrinsic binding of copper or other metal species was
unclear. Notably, the ICP-MSmeasurements did not reveal the presence
of a tightly-bound metal cofactor (Table S5). However, anaerobic incu-
bation of the apo-protein with different concentrations of copper and
iron salts did reveal a nearly 1:1 stoichiometric binding of ferric iron
to the protein (9.27 nmol Fe[III] associated with 10 nmol EfeO),
conﬁrming EfeO's speciﬁcity to bind this metal species. Based on these
data, we conclude that B. subtilis EfeO does not facilitate copper-
catalyzed ferroxidation as suggested for E. coli EfeO.
3.5. EfeUOB forms a membrane-associated tripartite complex with the
EfeU permease as the central core component
Although the Tat-dependent secretion of EfeB was reported
previously [23], a possible association of this protein with the cell
surface had not been investigated. Therefore, cellular fractions of
wild-type and efeU, efeO, or efeB mutant strains were subjected to
immunoblot analysis of EfeB contents (Fig. 4A). Analysis of the
wild-type and the efeO mutant showed the strongest accumulation
of mature EfeB in the cytoplasmic membrane fraction. In contrast,
the amounts of membrane-associated EfeB were signiﬁcantly lower
in the efeU mutant. Two membrane-associated control proteins, FeuA
and SunI, were detected at equal amounts in the membrane fractions of
all strains. These results indicated that the membrane-association of
EfeB is greatly dependent on EfeU, the 52 kDa permease component of
the transport system,which contains 6 or 8 predicted transmembrane re-
gions (data not shown). In contrast, the membrane attachment of EfeB
was not dependent on EfeO, which is in agreement with the absence of
a clear in vitro interaction between EfeB and EfeO (Fig. S2). Furthermore,
the levels of cellwall-bound and secreted EfeBwere substantially reduced
in the efeU mutant, suggesting that they are degraded. This would beuced as a non-acylated variant (left inset: Mw ~ 41 kDa), and a concentration of 1 μM
emission was measured at 340 nm, and initial ﬂuorescence intensities were normalized
dissociation constant for the Fe(III)–EfeO complex of 0.58 ± 0.11 μM (see right inset).
of 1:1.
Fig. 4. EfeUOB forms a tripartite membrane-associated complex with the permease EfeU as central core component. (A) Immunoblot analysis of EfeB contents in cellular fractions of B. subtilis
168wild-type (WT) and efeU, efeO, or efeBmutants. The relative amounts of EfeB indicated for each lane in the upper panelswere quantiﬁed using the ImageJ software package (http://rsbweb.
nih.gov/ij/). The lipoprotein FeuA and the integral membrane protein SunI were detected as controls. (B) Protein crosslinking and Strep-tagged complex isolation. Cultures of EfeB-
Strep-tag-producing B. subtilis 168 were treated with formaldehyde, and crude cell extracts were treated with n-dodecyl-β-D-maltopyranoside for membrane protein solubilization. The
obtained protein extract (TP, total protein)was applied to Strep-Tactin chromatography, and the chromatographic fractions (FT, ﬂow through;W,wash; E, elution) were collected and applied
to SDS-PAGE analysis togetherwith the concentrated samples of the elution fractions,whichwere also heated at 95 °C to reverse protein crosslinks. After gel staining, visible bands in the elution
lanes were analyzed by nano-LC/Orbitrap-MS for protein identiﬁcation. Different protein complex compositions were found in the wild-type (WT) background (left), the ΔefeO background
(middle), and the ΔefeU background (right). Background signals were analyzed and found to correspond to proteins that interact unspeciﬁcally with the Strep-Tactin matrix (Fig. S7).
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extensive proteolysis by wall-bound and secreted proteases [45]. To test
this idea, the effects of an efeU mutation were assessed in strain BRB07,
which lacks the genes for seven major extracytoplasmic proteases. In-
deed, the levels of EfeB detected in the BRB07 efeU mutant were about
1.3-fold higher than those in the protease-proﬁcient parental strain
168, showing that EfeB is subject to enhanced proteolysis when EfeU is
absent from strain 168 (Fig. S6). Consistent with our previous observa-
tions, the levels of EfeB were enhanced in strain BRB07 and the same
was observed for the BRB07 efeOmutant derivative.
To analyze the interaction of the EfeUOB components in a direct
way, an in vivo protein crosslinking approach was used [46]. For
this purpose, cultures of the B. subtilis strain producing the EfeB-Strep-
tag II variant were treated with formaldehyde. Upon cell disruption,
membrane-associated proteins were solubilized by the addition ofn-dodecyl-β-D-maltopyranoside (DDM) and were applied to Strep-
Tactin chromatography. The obtained chromatographic fractions were
analyzed by SDS-PAGE and subsequent protein identiﬁcation by mass
spectrometry (Figs. 4B and S7). Importantly, the EfeU and EfeO proteins
were speciﬁcally co-puriﬁed with EfeB-Strep-tag II from the wild-type
strain, which resulted in broader bands of cross-linked products in
non-reversed crosslinking fractions, as well as distinct bands of the single
protein species in the reversed (heat-treated) crosslinking fractions. The
observed crosslinking of EfeU, EfeO and EfeB demonstrated that the
efeUOB operon codes for a tripartite interaction complex. The membrane
association of this complex was underscored by the ﬁnding that treat-
ment with DDMwas essential for its solubilization. A speciﬁc interaction
between EfeU and EfeB was further evidenced by the isolation of the
cross-linked EfeUB complex from an efeO mutant strain producing
EfeB-Strep-tag II (Fig. 4B). This implies that EfeO is dispensable for the
Fig. 5. Iron transport studies in wild-type (WT) and ΔefeU, ΔefeO or ΔefeB mutants. Cells
were pre-incubated at 25 °C for 5 min before the transport assayswere started by addition
of (A) 10 μM55FeCl3 or (B) 10 μM55FeCl2. Sampleswere taken at the indicated time points,
and applied onto ﬁlter paper discs, whichwere subjected to TCA precipitation before radio-
activitymeasurements. (C)Wild-type cellswere incubated in the presence of different con-
centrations of 55FeCl3, and samples were taken after 1 min according to the observed linear
range of Fe(III) uptake. A transport-speciﬁc KM of 0.91 μMwas determined by kinetic data
analysis. All transport experiments were carried out three times, and mean values are
shown with their corresponding standard deviations.
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EfeB was observed in an efeU mutant strain. Together, our ﬁndings
indicate that the integral membrane protein EfeU is the structural core
of the membrane-associated EfeUOB system and point to EfeU's central
role during the assembly of the transporter complex.
3.6. The permease EfeU and the binding protein EfeO are crucial for high-
afﬁnity uptake of ferric iron, while the peroxidase EfeB is essential
for both ferrous iron conversion and peroxide detoxiﬁcation under
microaerobic conditions
The possible roles of the EfeUOB components in iron transport were
investigated through uptake studies with either 55Fe(III) or 55Fe(II). In
these studies, the possible competition between soluble iron uptake and
iron-siderophore transport was excluded by using the bacillibactin
non-producing strain B. subtilis 168 [47]. Cells grown in Belitsky mini-
mal medium under iron-limiting conditions were washed twice
and resuspended in iron-free Belitsky medium to a viable cell titer
of 2 × 108. After ~5 min of incubation with 55Fe(III), a maximum
level of uptake was reached by cells of the wild-type and the efeB
mutant, which thus showed a very similar behavior in ferric iron up-
take (Fig. 5A). Notably, since hyperbolic saturation kineticswas observed
for the uptake of Fe(III), we conclude that therewas no signiﬁcant level of
hydrolysis-mediated Fe(III) precipitation or substrate limitation due to
unspeciﬁc extracytosolic metal–ligand interactions within the timeframe
of our analysis. In contrast to wild-type and efeBmutant cells, Fe(III) up-
take by cells of the efeO mutant reached low-level saturation already
after 2 min, with a slowly increasing tendency over 15 min. Cells lacking
efeU displayed no signiﬁcant incorporation of ferric iron at all, showing
that EfeU is indispensable for uptake of Fe(III). We therefore conclude
that EfeU fulﬁlls a critical Fe(III) permease function in the EfeUOB com-
plex. Furthermore, the close-to-complete absence of radioactivity from
the efeU mutant cells ruled out the possibility that our uptake assay
reﬂected Fe(III) surface binding rather than speciﬁc uptake. Compared
to 55Fe(III), uptake of 55Fe(II) occurred with a generally higher back-
ground activity, pointing to further transport systems that could be in-
volved in ferrous iron uptake at higher initial concentrations, and it was
more dependent on the presence of EfeB than on EfeO (Fig. 5B). In fact,
55Fe(II) uptake by the efeBmutant cellswas comparable to the 55Fe(II) up-
take by efeU mutant cells, showing that the contribution of the EfeUOB
system to Fe(II) uptake strongly relies on the presence of EfeB. Potential
secondary effects on iron uptake in the investigated efeU, efeO or efeBmu-
tants were excluded by ectopic complementation of the respective genes
(Figs. S8–S10). An additional independent experiment was performed to
assess the uptake of 55Fe(III) by wild-type cells at varying Fe(III) concen-
trationswithin the initial linear rangeof uptake. This study revealed a spe-
ciﬁc transport KM of 0.91 ± 0.06 μM (Fig. 5C). The low overall KM of free
Fe(III) uptake demonstrates that EfeUOB is indeed a high-afﬁnity iron
transporter, and this KM is actually in good agreement with the binding
constant obtained for the interaction betweenEfeO and ferric iron in vitro.
In view of their contributions to iron uptake, the roles of EfeU, EfeO
and EfeB in iron-dependent growthwere investigated under varying ox-
ygen conditions. To this end, B. subtiliswild-type, the efeU, efeO, efeB sin-
glemutants and the respective complemented strainswere grown either
under aerobic (~10 ppmDO) ormicroaerobic (~1.0 ppmDO) conditions
in the presence of 10 μM Fe(III) or Fe(II). In the case of aerobic and
microaerobic conditions, the essential components for effective ferric
iron utilization and growth were EfeU and EfeO, while the absence of
EfeB had no effect on growth under these conditions (Figs. 6A and B).
In contrast, ferrous iron utilization and growth under microaerobic con-
ditionswere strongly dependent on EfeB, and the samewas true for EfeU
and EfeO (Fig. 6B). All complemented strains showed a growth behavior
similar to that of the wild-type (Fig. S11).
Since EfeB has peroxidase activity, the growth of the efeB mutant
under increasing oxidative stress conditions was tested (Fig. 6C), and
clear differences for the tolerance of peroxide by the wild-type andefeB mutant strains were observed. The IC50 values for increasing con-
centrations of hydrogen peroxide in the presence of 10 μM FeSO4
were determined to be ~106 μM and ~11 μM for the wild-type and
efeB mutant strains, respectively (Fig. S12), which indicated a strongly
increased sensitivity to peroxide when EfeB was absent. Furthermore,
increasing concentrations of Fe(II) under microaerobic conditions led
Fig. 6. Growth analysis inwild-type (WT) andΔefeU,ΔefeO orΔefeBmutants under aerobic, microaerobic and oxidative stress conditions. (A) Aerobic cultures (10 ppmDO)were incubated
either without FeCl3 (control) or with 10 μM FeCl3. (B) Microaerobic cultures (1 ppm DO) were incubated either without iron salt (control), with 10 μM FeCl3, or with 10 μM FeSO4.
(C) Microaerobic cultures (1 ppm DO) containing 10 μM FeSO4 were incubated with increasing concentrations of hydrogen peroxide to monitor for oxidative stress resistance. co, control:
noH2O2 added. (D)Microaerobic cultures (1 ppmDO)were incubatedwith increasing concentrationsof FeSO4 tomonitor for iron-dependent stress resistance. co, control: no iron salt added.
For all growth experiments, mean optical densities obtained from three parallels after 12 h of growth were plotted with their corresponding standard deviations. (E) Hydrogen peroxide
concentrations in microaerobic cultures incubated without (control) or with different iron salt concentrations were analyzed after 12 h of growth by horseradish peroxidase assay, and
the averaged peroxide concentrations from three independent samples were plotted with their standard deviations.
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growth effects were observed for the wild-type up to Fe(II) concentra-
tions of 1 mM (Fig. 6D).
In order to test a possible link between increasing iron concentrations
anddeleterious peroxide levels, theH2O2 contents of the culture superna-
tants ofwild-type and efeBmutant cells grown in the absence or presence
of different iron concentrations were analyzed after 12 h of microaerobic
growth. A signiﬁcant accumulation of H2O2 was detected in the cultures
of the efeB mutant, which depended on the concentration of ferrous
iron (Fig. 6E). The strong accumulation of peroxide levels in the absence
of EfeB suggests that this peroxidase does not only play an essential role
in Fe(II) conversion for high-afﬁnity uptake of Fe(III) through EfeUO, but
that it is also crucial for peroxide detoxiﬁcation during microaerobic
growth conditions, which could otherwise lead to severe cell envelope
stress.
4. Discussion
In this study we presented a functional characterization of individual
components of the B. subtilis EfeUOB iron transporter complex.We report
that EfeUOB is essential for the acquisition of both ferric and ferrous ironunder aerobic andmicroaerobic conditions. Our data imply that B. subtilis
EfeB catalyzes the ﬁrst intrinsic step of ferrous iron acquisition by serving
as a heme-dependent peroxidase that uses ferrous iron directly as a sub-
strate for the redox reaction cycle. Further steps of the EfeUOB-mediated
iron transport involve the binding of ferric iron (which could be the prod-
uct of the preceding EfeB-dependent reaction) by EfeO, and its internali-
zation by the permease EfeU. We have summarized this current view of
the B. subtilis EfeUOB transport mechanism as well as the proposed per-
oxidase reaction cycle in the functional models shown in Fig. 7.
The employment of ferrous iron as an electron donorwith a relatively
high redox potential is unusual, but seems nevertheless possible, since
the physiological standard potentials of the peroxidase-related redox
pairs (compound I/II and compound II/ferri-heme) are generally higher
than 0.8 V [48]. The afﬁnity of EfeB toward Fe(II) is reﬂected by its KD
value of 5.2 μM that was found to be about 40-fold lower than the
observed KM value for the iron-dependent reaction stages, which points
to an effective association of ferrous ironwith the active site at low con-
centrations (high k1), but a rather slow dissociation of the formed
Fe(II)–enzyme complex (low k−1). On the other hand, a fast ferric iron
release seems possible upon Fe(II) conversion based on the apparently
much higher velocity constant for product dissociation (k2≫ k−1).
Fig. 7. Current functionalmodel of theB. subtilis EfeUOB transport systemand the peroxidase cycle of the ferrous ironperoxidase EfeB. (A) The integralmembrane permease EfeU interactswith
themembrane-attached EfeB peroxidase that catalyzes ferrous iron oxidation as theﬁrst proposed step in the redox-dependent transport process (redox+). In a second step, scavenging of the
Fe(III) reaction product could be possible by the ferric iron binding activity of the EfeO lipoprotein. In contrast, if Fe(III) is acquired from the environment, EfeO could facilitate the ﬁrst transport
step by a redox-independent binding process (redox−). The interaction of EfeO and EfeU suggests that EfeO transfers the bound ferric iron directly to the membrane permease, which selec-
tively translocates Fe(III) into the cytosol, thereby permitting either the third (redox-dependent) or the second (redox-independent) transport step. The overall in vivo transport KM of this
system was found to be 9.1 × 10−7 M, suggesting iron transport in a high-afﬁnity range. (B) In the proposed reaction cycle of the EfeB peroxidase, the resting state of the enzyme harbors a
ferri-heme b center with a predominantly axial symmetry, which reacts by low levels of hydrogen peroxide (KM(obs) of 2.8 × 10−7 M) and forms a relatively stable ferryl radical species (com-
pound I) during stage (I). Ferrous iron as a reducing substrate reacts with compound I in two consecutive reactions (KM(obs) of 2.1 × 10−4 M), leading to the successive formation of the com-
pound II ferryl species and the re-establishment of the peroxidase resting state during stages (II) and (III), respectively. The ferric iron products that are released during the two last reaction
steps could serve as a substrate for the binding protein EfeO and the permease EfeU which act downstream of EfeB in the EfeUOB transporter complex.
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rous iron substrate in the low micromolar range as well as its efﬁcient
turnover into ferric iron under peroxide consumption.
Interestingly, the EfeB proteins of B. subtilis and E. coli seem to behave
quite differently. E. coli EfeB is also a heme-containing peroxidase but,
unlike its B. subtilis counterpart, it does not seem to accept Fe(II) as a
speciﬁc substrate [16]. Indeed, it has been proposed that the heme
protein in Efe systems that include another protein with a so-called
Cup domain may accept electrons from a copper cofactor in the Cup
domain, which would serve as a ferroxidase [14]. This is the case in
E. coli and most Proteobacteria, but not in B. subtilis and several Listeria
species. It thus seems that the overall function of the EfeUOB system
can differ substantially in different bacterial phyla.
Being an extracytosolic peroxidase, EfeB of B. subtilis could serve a
role in protecting the cell envelope from oxidative stress. By neutralizing
the redox-reactive species H2O2 and Fe(II), this enzyme provides the
possibility of a surface-controlled Fenton reaction that does not lead to
free radical formation, in contrast to the spontaneous Fenton process
that can proceed in competition with the EfeB-catalyzed reaction [49].
The capacity of EfeB to provide such a protective function represents an-
other difference to the yeast Fet3p multicopper ferroxidase, which uses
molecular oxygen as electron acceptor and hence seems to have no
role in the oxidative stress defense [8,10]. In this context, it is noteworthy
that the kinetic data of B. subtilis EfeB revealed a very efﬁcient compound
I formation. Since theKM(obs) for hydrogen peroxidewas found to be very
low, already traces of peroxide could be eliminated by EfeB during a cell
envelope stress response [50]. Interestingly, an accumulation of peroxide
during aerobic and microaerobic growth conditions has been observed
for Bacillus cereus [51]. Our own analyses revealed peroxide accumula-
tion in the medium of B. subtilis cells growing microaerobically, and
this was especially the case for the efeBmutant grown at increasing con-
centrations of ferrous iron. Accordingly, the transcriptional regulation of
efeB by cell envelope stress-speciﬁc σ factors may reﬂect a physiological
strategy that aims to reduce the levels of reactive oxygen species at the
cell surface by using ferrous iron as a main substrate. The hypothesis
that EfeB might play a functional double role by facilitating ferrous iron
utilization under iron limiting concentrations on the one hand, and by
catalyzing peroxide detoxiﬁcation in the presence of higher ferrous
iron concentrations on the other hand is supported by the dual mode
of its transcriptional regulation [19,21]. Notably, these two functions ofEfeBmust not necessarily be coupled, which is indicated by the observa-
tion that EfeB is also exported to the cell wall and growth medium
[23,24], where it might still act as an anti-oxidative agent. This view is
furthermore supported by the fact that puriﬁed EfeB retains its activity
in vitro. It is presently not entirely clear why the non-EfeU-bound EfeB
is less protease-resistant than the EfeU-bound EfeB. Conceivably, bound
EfeU could shield a protease-sensitive region in EfeB. Furthermore, non-
bound EfeB that has become non-functional for example during the
oxidative stress defense, due to misfolding or due to loss of its cofactor
could be the primary target for the proteolysis that we have observed in
the present and in previous studies [45]. Also, some EfeBmight be secret-
ed in a non-functional state (e.g. without the heme cofactor), which
might involve Tat-independent secretion pathways as observed in previ-
ous studies [24].
During the second EfeUOB-mediated step in iron transport, B. subtilis
EfeO appears to act as a selective binding protein for Fe(III). Available
Fe(III) is captured by EfeOwith an in vitroKD of 5.8 × 10−7 M−1 at phys-
iological pH. This seems to represent a critical driving force for the
preceding peroxidase reaction, since ferric iron sequestration by EfeO
apparently favors an equilibrium displacement of the EfeB reaction as
evidenced by the increased catalytic efﬁciency of EfeB in the presence
of EfeO. Furthermore, our metal–protein interaction studies indicate
that B. subtilis EfeO is unable to bind copper ions, which is consistent
with the absence of an intrinsic Cup domain. Hence, the architecture
and function of this transport componentmark a further clear difference
between the EfeUOB transport systems in B. subtilis and E. coli.
Both B. subtilis EfeB and EfeO were found to interact with the perme-
ase EfeU, presumably at the extracytoplasmic side of the membrane
where the bulk of the translocated EfeB and EfeO proteins is positioned.
Although EfeB and EfeO do not seem to interact tightly with each other
in vitro, a transient interaction during the iron transfer process cannot
be excluded. Such an interaction may depend on the functional state of
the system at the membrane and/or the presence of EfeU. During the
third proposed stage in EfeUOB-mediated iron transfer, the Fe(III) species
scavenged by EfeO is delivered to EfeU. The interaction between these
two components is suggested by the presence of conserved acidic resi-
dues in each subdomain of EfeO, a motif that was previously shown to
be decisive for ferric siderophore transport in the FeuABC system [42]. Al-
together, the demonstrated physical interaction of the central permease
component EfeU with both the peroxidase EfeB and the binding protein
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port process in B. subtilis, especially when Fe(II) is the only available
iron source.
Interestingly, EfeO was not required as much as EfeB and EfeU during
an initial period (25 min) of Fe(II) uptake. However, its importance
apparently increased during a longer timeframe (12 h) of cellular growth
under microaerobic conditions in the presence of the same initial ferrous
iron concentration. These observations might shed more light on the
physiological role of the binding protein EfeOwhose function as a scaven-
ger of (possibly EfeB-generated) ferric iron could become more essential
when available ferrous iron levels are getting lower. In contrast, the great-
er requirement for the EfeB peroxidase during the early stages of Fe(II)
uptake (at higher concentration levels) could be associated with its addi-
tional role in oxidative stress management.
Importantly, B. subtilis EfeUOB possesses several unique features in
comparison to the related systems in E. coli and S. cerevisiae. The E. coli
EfeUOB transporter preferably acts under low pH conditions by which
the system is speciﬁcally induced [13]. In contrast, the B. subtilis EfeUOB
system is not induced under acidic conditions [20,52], but it might be
adapted to conditions in the soil habitat of B. subtilis where the Fe(II)
concentrations increase upon limited oxygen availability [6,53]. Thus,
microaerobic soil conditions and the concomitant accumulation of
Fe(II) may impose a need for an additional iron uptake system which,
judgedby our observations, is fulﬁlled byB. subtilisEfeUOB. The relatively
high afﬁnities of EfeUOB for both ferrous and ferric iron indeed suggest
that it may act preferably between periods of either strong ferric iron re-
duction or strong ferrous iron oxidation that imply the severe limitation
of at least one of these iron species and a surplus of the other. In the latter
case, a direct uptake of Fe(II) at higher concentrations could be facilitat-
ed by other divalent cation transporters with lower afﬁnities, which
was also reﬂected by the increased background levels for uptake of
Fe(II) in the wild-type and the efeUOBmutant strains. Strong oxidative
conditions on the other hand would probably favor the employment of
siderophore-based uptake systems that allow ferric iron scavenging at
highest afﬁnities.
Our studies show that the organization of the B. subtilis EfeUOB sys-
tem is ﬂexible enough to permit the utilization of both ferrous and ferric
iron at lowmicromolar concentrations depending on the environmental
conditions in terms of iron and oxidant supply. The switch between
Fe(II) and Fe(III) uptake is provided by the EfeB peroxidase. Even if
EfeB is not active, Fe(III) can bind directly to EfeO which acts together
with the permease EfeU as a minimal transport unit for high-afﬁnity
membrane translocation of ferric iron. The conclusion that EfeU serves
as a membrane permease that preferably translocates ferric iron is
derived from our kinetic transport studies as well as the growth exper-
iments with efeUmutant strains under aerobic andmicroaerobic condi-
tions, which clearly indicate that EfeU is an essential factor for Fe(III)
import. In contrast, the E. coli EfeU protein was initially characterized
as a ferrous iron transporter based on proteoliposome reconstitution
experiments [11]. However, subsequent studies of the function of the
entire E. coli EfeUOB system led to different conclusions [13,14]. In par-
ticular, the study of Cao et al. showed that EfeUOB facilitates uptake of
both Fe(III) and Fe(II), butwith different rates that indicate a preference
for Fe(II) uptake.
Notably, we propose in our transport model that the permease EfeU
of B. subtilis is preferentially involved in Fe(III) translocation, which is
further supported by its associationwith the extracytosolic binding pro-
tein EfeO and the peroxidase EfeB that have a clear capability to supply
ferric iron (Fig. 7). Finally, we have shown that the B. subtilis EfeUOB
transporter possesses an overall iron transport KM of 9.1 × 10−7 M,
and hence it acts within the same afﬁnity range as the widespread fun-
gal Fet3p–Ftr1p-type iron transporters [5]. Indeed, these types of fungal
and bacterial iron importers seem to provide a compelling example of
evolutionary divergence by representing functionally similar, but struc-
turally and mechanistically distinct transport systems for cellular iron
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